In this investigation, impedance spectroscopy (IS) is used, as a non-destructive tool, to examine the hot corrosion behavior of thermal barrier coatings (TBCs) exposed to a mixture of 25wt% NaCl and 75wt% Na SO . The results show that the thermally and NiO. The growth of TGO layer appears to follow the parabolic law. The resistance of TGO increases due to the increase of thickness when the number of cycles is less than 110. While for more than 110 cycles, the resistance of TGO decreases with the increase of porosity of TGO layer, even though the thickness of TGO layer increases. The nucleation and propagation of cracks within top coat increase the electrical resistance of top coat. The parameters in equivalent circuit could be used to characterize the degradation of TBCs.
Introduction1
Thermal barrier coatings (TBCs), which consist of Y O stabilized ZrO (YSZ) as top coat and MCrAlY 2 3 2 (M=Ni, Co, Fe) as bond coat, are widely used in the hot sections of gas turbines [1] [2] . Gas turbine engines have been currently operating near the ocean, where salt vapor such as Na SO , V O and NaCl may de- posit onto the surface of turbine blades. The results show that the thermal cyclic lifetime exposed to hot corrosion is much shorter than that in air . Therefore, [3] it is very important to investigate the degradation behavior of the TBCs in hot corrosion environment. Several non-destructive evaluation (NDE) techniques have been applied to quality control of TBCs, such as photoluminescence [4] [5] which can determine thermal grown oxide (TGO) residual stress and TGO *Corresponding author. Tel.: +86-10-82338622.
E-mail address: cgzhou@buaa.edu.cn 1000-9361© 2011 Elsevier Ltd. doi: 10.1016/S1000-9361 (11) phase constituents, and acoustic emission [6] [7] which is used to identify cracking characterization. Recently, impedance spectroscopy has been applied to evaluating the thickness and composition changes of TGO during oxidation and the effect of cracks within YSZ coat in TBCs [8] [9] [10] [11] . However, a relationship between microstructure of TBCs and its electrical properties exposed to hot corrosion environments has not been set up.
The failure mechanisms of TBCs are strongly dependent on the interface and microstructure of the bi-material system, such as TGO growth, crack propagation and thermal expansion mismatch [12] [13] [14] . The aim of the present work is to evaluate the microstructure of TBCs system in a cyclic hot corrosion environment using impedance spectroscopy.
Experimental

Preparation of materials and coatings
Nickel based superalloy with composition (wt%) of Ni-9Cr-10Co-2.5Mo-7.5W-5.4Al-4.1Ta-1.8Hf-1.2Ti
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Hot corrosion test
A mixture of 25wt% NaCl and 75wt% Na 2 SO 4 was used as corrosive salt. The corrosive salt was spread over the surface of the coatings in a concentration of 4-6 mg/cm 2 . The specimens were kept in an electric furnace at 1 173 K for 50 min and cooled in air for 10 min as a cycle. The temperature of experiment is much higher than the melting point of the mixed salt (953 K), so the salt can evaporate into the air. In order to provide a salty environment, the specimens were washed carefully in distilled water and recoated with the mixed salt after every 20 cycles.
Impedance spectroscopy measurement
The corrosive specimens are washed carefully in distilled water to remove the salt within YSZ coat before impedance spectroscopy measurements. The metal side of the corrosive specimen was mechanically polished to remove the oxide layer and acted as one electrode. The TBCs side was coated with platinum gel (4 mm 4 mm), which served as the other electrode. The paint was sintered at 1 073 K for 10 min to consolidate the platinum paint and enhance its adhesion to the specimen surface. Impedance measurements were carried out at 673 K using a Solartron SI 1206 Impedance/gain phase analyzer coupled with a Solartron 1296 Dielectric Interface. Spectra analysis was performed using Zview impedance analysis software (Scribner Associates, Inc., Southern Pines, NC). In this measurement, alternating current (AC) with an amplitude of 0.1 V was employed and the AC frequency was in the range of 0.01 Hz to 1×10 7 Hz.
Microstructure and chemical analysis
The microstructure and chemical composition of the cross-section of the coatings were examined by scanning electron microscopy (SEM) equipped with energy dispersive spectrometer (EDS). Fig. 1 (a) shows a typical cross-section of TBCs after exposure to a mixture of 25wt% NaCl and 75wt% Na 2 SO 4 at 1 173 K for 70 cycles. A continuous TGO layer is formed between the YSZ coat and bond coat. Some small cracks are also formed within YSZ coat. Fig. 1 (b) reveals that the TGO layer contains mixed oxide, i.e. Cr 2 O 3 , (Ni, Co)(Cr, Al) 2 O 4 spinel and NiO, which has been reported in Ref. [16] . Fig. 1 Cross-sectional microstructure of TBCs exposed to mixture of 25wt% NaCl and 75wt% Na 2 SO 4 at 1 173 K for 70 cycles and EDS analysis of TGO layer.
Results and Discussion
Microstructure of TBCs after hot corrosion
Impedance spectra and equivalent circuit model
Nyquist plot and Bode plot are two types of impedance diagrams which are most frequently used. In a Nyquist plot, the impedance is represented by a real part Z and an imaginary part Z with the formula Z( )=Z +jZ , where is the angular and j = 1 . Therefore, the Nyquist plot is termed the complex plane impedance plot. In a Bode plot, the modulus of the impedance and the phase angle are both plotted as a function of frequency. For a simple resistor-capacitor (R-C) circuit, the Nyquist plot is characterized by a semicircle. If the system is complicated, the spectra have to be fitted with an equivalent circuit model, which is representative of the microstructural features of the materials [17] . Typical Nyquist plots and Bode plots for thermal barrier coating exposed to the mixture of 25wt% NaCl and 75wt% Na 2 SO 4 for different times are represented in Figs. 2(a)-(b) , respectively. Two semicircles are present in each Nyquist plot, corresponding to two layers in the TBCs system. One layer is the TGO layer and the other is the YSZ coat. It has been confirmed that that semicircle at high frequency (10 3 -10 7 Hz) corresponds to the YSZ coat and semicircle at the low frequency (10 2 -10 3 Hz) corresponds to the TGO layer [18] . As has been detailed in Bode plots, there are four relaxation processes which can be attributed to an electrode response (e), YSZ grain (G), YSZ grain boundary (GB), and a TGO layer.
In order to obtain the electrical properties of the YSZ coat and TGO layer, an equivalent circuit model must be established for fitting the measured impedance spectra. A typical AC equivalent circuit of air plasma sprayed (APS) TBCs with the TGO layer is presented in Fig. 2(c) . In the model, constant phase element (CPE) is more suitable to describe the behavior of a non-ideal capacitor. This is because the surface of electrodes is rough, which may cause a frequency dispersion due to heterogeneous current density distribution. The impedance of a CPE, Z CPE , is given by [18] 
where A is a parameter independent of frequency, n the exponential factor. In most cases, n is less than 1. When Fig. 2 Impedance spectroscopy of TBCs exposed to the mixture of 25wt% NaCl and 75wt% Na 2 SO 4 at 1 173 K for different times.
n =1, the CPE functions as an ideal capacitor and A is therefore equal to the capacitance. In the case of no ideal capacitive response, the value of A cannot be used to represent the capacitance of the system. Here we adopt an equivalent capacitance C, which may be acquired by [19] (1 ) 1 = n n n C R A (2) where R is the resistance. The resistance obtained from the simulation is therefore taken as the measured result. The relationship between the resistance and different layers is determined after the microstructure of the cross-section of TBCs is examined by SEM.
Relation between electric property and TGO
The corrosion kinetics is described in Fig. 3(a) , where the thickness of TGO layer is plotted as a function of the square root of corrosion time. Clearly, the TGO growth appears to follow the parabolic law. The corrosion kinetics may be described by 2 c k t (3) where is the thickness of the TGO layer, t the corrosion time, and k c the reaction rate parameter. In this experiment, k c can be acquired as approximately 2.1×10 13 cm 2 ·s 1 . Fig. 3(b) represents the resistance Fig. 3 Variation in thickness, resistance and capacitance of TGO layer during hot corrosion of TBCs exposed to the mixture of 25wt% NaCl and 75wt% Na 2 SO 4 at 1 173 K as a function of corrosion time.
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· 517 · and capacitance of TGO layer as a function of corrosion time.
The resistance of TGO layer increases with increasing time while the capacitance decreases with increasing time for less than 110 cycles. This phenomenon can be explained by the relationships among the thickness, resistance and capacitance, which are given by the following equations:
where is resistivity, and 0 are relative dielectric constant and space dielectric constant respectively, S is equal to the area of electrode. The parameters, such as , , 0 and S, are taken as constant at a given temperature. The resistance is proportional to the square root of corrosion time and the capacitance is inversely proportional to the square root of corrosion time.
After 110 cycles, the resistance of TGO layer decreases slowly with increasing thickness of TGO. As is well known [20] [21] , -Cr 2 O 3 and (Ni, Co)(Cr, Al) 2 O 4 spinel are p-type semiconductors. Their conductivity is determined by electron hole conduction. The electron hole concentration increases with increasing oxygen partial pressure. The increase in porosity and cracks may lead to an increase in oxygen partial pressure within TGO layer, giving rise to an increase in the electron hole concentration and in turn an increase in conductivity [22] . Fig. 4 shows the cross-section of TBCs after corrosion for more than 110 cycles. A dense TGO layer is presented for 110 cycles (Fig. 4(a) ). As described in Figs. 4(b)-4(c) , some micro-pores appear within TGO layer after 110 cycles, and the slow decrease of resistance may be due to the increase of porosity of TGO layer, even though the thickness of the TGO layer increases. In the previous studies [16, 23] , some reactions between melt salt and metal oxides during hot corrosion could generate gas (i.e. SO 3 , Cl 2 and O 2 ) which may cause the increase of porosity of TGO layer. The stress increase within TGO layer due to the formation of the mixed oxides may also increases the porosity of TGO layer. As a consequence, the fast increase in resistance during hot corrosion for less than 110 cycles may be due to the increase in thickness of TGO layer. While the increase of porosity within TGO layer is the major reason for decreasing of resistance of TGO layer after hot corrosion for more than 110 cycles.
Relationship between electric property and YSZ
The propagation of cracks within the YSZ coat is presented in Fig. 5 . There is an apparent propagation of cracks within the YSZ coat after hot corrosion from 22 cycles to 70 cycles (see Figs 70 cycles, the resistance increases rapidly to 5 021 because there are some small cracks nucleating within YSZ coat. And then the resistance of YSZ coat remains constant due to unapparent propagation of cracks before 195 cycles. The large cracks nucleate after 256 cycles, as shown in Fig. 5(d) . Those results suggest that the cracks, which are generated within YSZ coat during hot corrosion exposed to the mixture of 25wt% NaCl and 75wt% Na 2 SO 4 , increase the electrical resistance of YSZ coat. It is generally known that impedance of polycrystalline zirconia is determined by the contribution of both the grain and the grain boundary, and thus gives two semicircles [10] . However, only one semicircle corresponding to the YSZ is observed in the present test (see Fig. 2(a) ). The reason is as follows: The previous investigations [24] on the YSZ ceramic have showed that the conductivity of YSZ at low temperature is dominated by the grain boundary, while the conductivity at high temperature is entirely determined by the grain. The transition occurs at the temperature ranging from 600 K to 1 500 K. Therefore, the impedance measurement of YSZ ceramic at 673 K in this test gives impedance spectra with a single semicircle. The resistance of YSZ coat comes from the contribution of the YSZ grain.
The crack inserted into the microstructure of YSZ coat can be regarded as a very thin, air-filled, cavity with an electrical conductivity crack =0 and a relative permittivity crack =1 [25] . Every YSZ grain can be described by an equivalent circuit consisting of one R-C element. The current flow is assumed one-dimensional and normal to the electrodes. The additional cracks can effectively prevent the current flow through the YSZ grains, so the resistance of YSZ coat increases due to the nucleation and propagation of crack within YSZ coat.
Conclusions
Impedance spectroscopy has been used to evaluate the hot corrosion behavior of TBCs exposed to the mixture of 25wt% NaCl and 75wt% Na 2 SO 4 at 1 173 K. The TGO layer developed in TBCs after hot corrosion consists of a layer of mixed oxide, i.e. Cr 2 O 3 , (Ni, Co) (Cr, Al) 2 O 4 and NiO. The relationship between microstructure of TBCs and their electrical properties can be obtained as follows:
(1) The resistance of TGO layer is related to the thickness and porosity of TGO layer. The resistance of TGO layer increases due to the increase of TGO thickness for less than 110 cycles. Whereas the resistance of TGO layer decreases due to the increasing porosity of TGO layer for more than 110 cycles; even though the thickness of TGO layer increases.
(2) The nucleation and propagation of cracks within YSZ coat increase the electrical resistance of YSZ. The parameters in equivalent circuit can be used to characterize the degradation of TBCs.
